Optical and magnetic properties of ZnMnO films are discussed based on the results of cathodoluminescence, photoluminescence, and magneto-photoluminescence investigations. We show that photoluminescence/cathodoluminescence emissions are strongly quenched and become in-plane inhomogeneous in samples with increased Mn fractions. Strong polarization of photoluminescence is observed, even though excitonic lines do not shift and are not split at magnetic fields up to 6 T.
Introduction
Room temperature (RT) ferromagnetism (FM) was predicted for p-type ZnMnO [1] . However, FM of ZnMnO (and also of ZnCoO) reported till now * Present address: Beneq Oy, Ensimmäinen savu, 01510 Vantaa, Finland.
(261) was due to inclusions of various Mn (Co) oxides and to metal accumulations and not to volume properties of ZnMnO (ZnCoO) alloys [2] [3] [4] [5] . Such inclusions and accumulations are present in most of ZnMnO films grown with high temperature methods, giving a dominant magnetic response of these ZnMnO samples.
Our recent investigations indicate that growth at low temperature (LT) is the most promising way to avoid the formation of foreign phase inclusions of Mn x O y in ZnMnO and to block a spinodal decomposition [3] [4] [5] [6] [7] [8] . LT ZnMnO films were grown by either atomic layer deposition (ALD) [3] [4] [5] or metalorganic vapor phase epitaxy (MOVPE) [6] [7] [8] . These LT ZnMnO films, when grown with low Mn fractions, are practically inclusions free, show homogeneous Mn distribution, and are paramagnetic [5] .
In this presentation we discuss optical, magnetic and magneto-optical properties of LT ZnMnO films grown by ALD and MOVPE. Results of cathodoluminescence (CL), photoluminescence (PL), magneto-PL investigations are discussed. We show that PL and CL of ZnMnO are observed only for samples with low Mn fractions and that intensity of PL/CL emissions drops rapidly with an increasing Mn content, indicating that Mn acts as emission deactivator in ZnMnO. In the samples with an increased Mn content PL/CL becomes in-plane inhomogeneous. LT ZnMnO films grown with low Mn fractions (below 5%) are paramagnetic and show at LT a weak antiferromagnetic contribution due to close Mn-Mn pairs.
Samples
The present investigations were performed on ZnMnO epilayers grown by ALD or MOVPE at LT (below 500
• C) using organic zinc and manganese precursors.
In ALD we employed the following metalorganic zinc and manganese precursors: zinc acetate (Zn(CH 3 COO) 2 ) or diethylzinc (denoted as DEZn) for zinc, and two types of Mn precursors: manganese-tris-2,2,6,6-tetramethyl-3,5-heptanedione (denoted as Mn(thd) 3 ) and tris(2,4-pentanedionato) manganese(III) (denoted as Mn(acac) 3 ). As an oxygen precursor we used water vapor or ozone. Temperatures of precursors were as follows: 230−250
• C for zinc acetate, room temperature for DEZn, 160
• C for Mn(acac) 3 , and 160-180
• C for Mn(thd) 3 . Substrate ((0001) sapphire or (0001) sapphire/GaN) temperature was selected in the range of 160−360
• C. Pressure in a growth chamber, i.e., a pressure of N 2 transport and purging gas, was a few mbar. Ratio of Zn-to-Mn ALD cycles was either 9 to 1 or 10 to 1, which we found to be optimal for a growth of fairly depth homogeneous ZnMnO films (with 0.6-0.8 µm thickness) with low Mn fractions [3, 5] .
MOVPE samples (3 µm thick) were grown on (0001) sapphire or silica using DEZn and tertiary-butanol as zinc and oxygen precursors. Liquid tri-carbonyl--methylcyclopentadienyl-manganese ((CO) 3 CH 3 C 5 H 4 Mn) was used as manganese precursor and hydrogen as a vector gas. The substrate temperature was 450
• C, which was optimal for obtaining high crystallographic quality samples [6] [7] [8] .
Optical and magneto-optical characterization
The CL spectra were taken either at RT or at liquid nitrogen temperature with Jeol JSM-840 scanning electron microscope (SEM). A HORIBA JOBIN YVON SAS system was used to collect the CL emission. The light was collected by a parabolic mirror and injected via an achromatic optical bench into a TRIAX550 monochromator equipped with an UV enhanced-silicon CCD camera.
PL and magneto-PL investigations were performed at 2 K with samples mounted in a Spectromag 6000 split coil superconductive magnet system of Oxford Instruments. He-Cd laser PLASMA model HCCL-15UM was used for PL excitation and PL spectra were detected with a double monochromator LOMO MDR-23 equipped with Hamamatsu S7035 CCD camera and Hamamatsu photon counting system with R2531 PMT and FAST ComTec 7887 card.
Results and discussion
We have reported the first puzzling results of PL and magneto-PL investigations of ZnMnO (for bulk sample) in Ref. [9] . We reported that visible PL was not observed for most of the studied by us bulk ZnMnO samples. We could detect visible PL only in samples containing low Mn fraction (typically about 5% and less) [9] . For such samples no spectral shifts and well-resolved splitting were observed for magnetic field up to 7 T. Such shifts (by few meV) and splitting were expected due to strong magneto-optical effects commonly seen in diluted magnetic semiconductor (DMS) samples.
We obtained similar PL results for ZnMnO layers studied in the present work. At low temperature PL (Fig. 1) and CL spectra were dominated by bound excitonic emissions. "Band edge" part of 2 K PL is shown in Fig. 1 for three MOVPE films with nominal Mn fractions of 0.6, 2, and 7%. One can see that the PL intensity is relatively low, as compared to the intensity of PL emission of the reference bulk sample, and, moreover, drops rapidly with an increasing Mn fraction in ZnMnO films. PL was observed up to RT for MOVPE and ALD samples grown with low Mn fractions. The ratio of band edge to red emissions depended on the sample and on temperature. Red PL becomes relatively intense (as compared to the excitonic emission) at increased temperatures.
We observed similar spectra and their dependences in CL investigations. We observed that for samples with a larger Mn content CL becomes in-plane inhomogeneous, as we show in Fig. 2 for MOVPE ZnMnO film with a relatively large Mn fraction (18.8%). There, the CL emission comes only from bright spots (see Fig. 2b ). A comparison of SEM and CL images indicates that these bright spots come mostly from the regions of dislocations, suggesting their decoration with impurities. Otherwise emission is either very weak or is not observed. This leads us to the conclusion that Mn acts as a "killer" of a visible PL in ZnMnO, as was also proposed in Ref. [10] . 
The Mn
2+ intra-shell PL was not observed for all of the studied samples. We could also reject idea that this emission contributes to a broad red PL of ZnMnO (as proposed in [11] ). First of all, the red PL was not observed by us for some of our ZnMnO films. Moreover, we have not observed a characteristic PL excitation (PLE) spectrum (consisting of "sharp" Mn 2+ intra-shell transitions) to support such identification of the red PL. A structured PLE spectrum was observed by us e.g. in ZnMnS [12] .
Magnetic properties of LT ZnMnO films were studied with SQUID and electron spin resonance. Samples grown at LT with homogeneous Mn distribution (as observed with secondary ion mass spectroscopy (SIMS) and energy distribution of X-ray (EDX)) showed paramagnetic response with only traces of antiferromagnetic coupling of close Mn-Mn pairs. These investigations will not be analyzed here. We concentrate on the results of magneto-PL investigations shown in Figs. 3 and 4 . The results obtained for the MOVPE ZnMnO sample with 0.6% Mn fraction are presented. For the DMS sample we expected very enhanced magnetic interactions. However, no magnetic field induced shift and splitting of excitonic transitions are observed (see Fig. 3 ), even though we could easily observe them for CdMnTe samples with a similar Mn content [13] . More surprisingly these effects are accompanied by relatively strong PL polarization (see Fig. 4) , which (for 6 T magnetic field) is 40 times stronger than the one observed by us for the reference ZnO sample. We have reported recently for ZnCrSe samples similar observations, i.e. strong PL polarization and lack of other magneto-optical effects, and related them to spin selective carrier trapping by photo-ionized Cr centers in ZnSe lattice [14] . This suggests that, similarly like in GaMnN [15] , Mn can be present in ZnO lattice in two charge states. In fact, two Mn states in ZnMnO thin films were observed in photoemission study [16] , where Mn 3p states show two contributions with different binding energies separated by about 4 eV. Double valence of Mn in ZnO allows to explain PL/CL quenching in this material. "Killer action" of Mn in ZnO can be of the similar origin to the one reported by us for Fe ions on ZnS and ZnSe (see [17] and references therein). PL/CL can be deactivated either due to efficient carrier recombination via Mn-related level (the so-called bypassing effect [17] ) or to efficient Auger-type energy transfer from excitons and DAPs to Mn ions followed by Mn ionization.
Further results consistent with the above proposed mechanism of PL/CL quenching will be given in the forthcoming article [18] .
Conclusions
In conclusion, we show that Mn deactivates PL/CL emission of ZnMnO. Strong PL polarization is observed even though other magneto-PL effects expected for DMS samples (shift of the excitonic lines and their splitting) are not observed. We tentatively relate this to double valence of Mn ions in ZnO lattice.
